The water flux in forward osmosis (FO) process declines substantially when the draw solution (DS) concentration reaches closer to the point of osmotic equilibrium with the feed solution (FS). Using external hydraulic pressure alongside the osmotic driving force in the pressure assisted osmosis (PAO) has been found effective in terms of enhancing water flux and even potentially diluting the DS beyond osmotic equilibrium. The net gain in water flux due to the applied pressure in the PAO process closely depends on the permeability of the FO membrane.
Introduction
Forward osmosis (FO) has drawn significant research attention as an alternative membrane process for desalination, osmotic energy generation and treating impaired water sources [1] [2] [3] [4] .
Unlike pressure-based membrane processes such as reverse osmosis (RO) and nanofiltration (NF), FO utilises the osmotic pressure generated by draw solution (DS) as a driving force to transfer water across a semipermeable membrane without the need of hydraulic pressure [5] .
However, since the osmotic pressure is based on concentration difference, the water flux decrease in the FO process is due to cumulative decline in the DS concentration [1, 6, 7] . Water flux occurs until the osmotic pressure of the DS attains equilibrium with the feed solution (FS) [4, 8] .
Recently, combined processes of applied hydraulic pressure and osmosis have been reported with an attempt to exploit the synergies of the two processes in a single stage to overcome low flux in the FO process even generating water flux beyond osmotic equilibrium point [9] [10] [11] .
The concept of pressure assisted osmosis (PAO) is in fact a hybridisation of the FO process and the RO process where the intrinsic loss of osmotic driving force in the FO process is supplemented by the external hydraulic pressure applied to the FO system. Therefore in the PAO process, external hydraulic pressure is applied to the feed side to enhance the water flux [11] . Several earlier works have demonstrated that the applied hydraulic pressure can increase the FO process performance [11, 12] ; however, the performance also closely depends on the characteristics of FO membranes including its water permeability, structural properties, mechanical strength, etc. [10] .
To date, most of the published articles dealing with osmotic processes such as FO, pressure retarded osmosis (PRO) and particularly PAO are based on use of commercialised CTA-FO membrane with embedded woven polyester support mesh from HTI [11, 12] . Most other studies are reported using lab-scale fabricated membranes but for FO and PRO studies only [13] [14] [15] . Although CTA was the most commercially available FO membranes however, the low water flux associated with the CTA membrane is the most common issue in many studies [10, 11] . Although it has been reported that Hydration Technology Inc. (HTI) has commercialised thin film composite (TFC) FO membrane, it is still largely unavailable to the researchers yet. One exception is a study by Coday et al. in which TFC from HTI has been used in addition to the CTA membrane for assessing the PAO process [10] .
The TFC-FO membranes can be made with or without any backing fabric support and membranes prepared without a backing support are generally more efficient than those with backing fabric as its presence contributes towards enhanced internal concentration polarisation (ICP) effect that lowers the water flux during the FO process. Nevertheless, the membrane needs adequate mechanical strength to perform sustainably under certain hydraulic pressure and the function of the backing fabric is mainly to provide mechanical strength of a TFC membranes. This could be true even in the normal FO process where pressure drop could automatically occur in large-scale modules. Most recent efforts for fabricating high performance TFC-FO membrane have been widely devoted to modifying the structural morphology and chemical properties of the polymeric support layer in order to enhance the membrane performance by reducing ICP effects. These lab-made TFC-FO membranes without any fabric support have shown enhanced water flux and salt rejection compared to the commercial CTA-FO membrane or the TFC membranes [16, 17] . However, most of these membranes are generally not effective in the PAO process due to the likely membrane compaction and low mechanical strength when subjected to hydraulic pressure [16, 17] .
Based on casting procedures of the FO membrane on a large commercial-scale, the TFC membrane for the FO seems to have been fabricated in a similar way to that of the CTA-FO membrane [18] . The polymer solution is casted on a roll, which is followed by pulling the fabric from the top to embed it in the casted polymer solution. This unique fabrication method for the FO membrane confines the polymer penetration to the back of the porous fabric support and prevents the formation of air bubbles [18] . The polymer solution is first casted onto a rotating drum and then the woven fabric mesh is pulled onto the polymer solution from the top so that the backing fabric is fully embedded without formation of air bubbles and defect points [18] . This approach is adopted to prevent the penetration of polymer solution during casting thereby preventing wrinkle formation and substrate defects.
Tiraferri et al. have presented the successful reinforcement of FO membrane with highly porous non-woven PET fabric support using a RO style (conventional method) in the lab environment [19, 20] . In this approach of synthesis, the backing fabric support was placed on the roll and then the polymer solution was poured on the top of the fabric support and casted by a casting blade on top of the roll. Another study by Qiu et al. also applied the commercial scale FO membrane casting method for fabricating embedded FO membrane on a woven fabric using polyamide-imide (PAI) material through phase inversion [21] . In order to limit polymer penetration and wrinkle formation for producing large pieces of defect and wrinkle-free membrane substrate, Mc Ginnis, and Mcguregan [18, 22] have used bilayer backing fabric to make the support layer sturdier and thicker. The use of bilayer backing fabric can block the polymer solution from penetrating the backing layer and limit the wrinkle and defect problems. on the glass plate where it can prevent polymer bleeding to the backing fabric and limit the formation of air bubbles during phase inversion [23] .
The present work is therefore aimed to develop an effective TFC membrane tailored for PAO process by incorporating a woven mesh backing fabric into the polyethersulphone (PES) substrate formed by phase inversion. This study adopted unique approaches for embedding woven mesh fabric to the PES membrane support layer by applying both the conventional and commercial scale FO membrane fabrication methods to produce a wrinkle and defect-free TFC-FO membrane for PAO application. The properties of the TFC-FO membranes including their substrate morphologies and physical characteristics were investigated, and compared to two commercial FO membranes: commercialised CTA-FO membrane from HTI and the recently commercialised polyamide-based TFC-FO membrane (WJ-FO) from Woongjin Chemicals (now Toray Chemicals Korea). Commercial TFC-RO membrane from Woongjing Chemicals (WJ-RO) was also used for comparison.
Materials and Methods

Chemicals and materials
Polyethersulfone (PES) granules (Mn: 55,000 -Good fellow, UK) and polyester mesh woven fabric (PETEX 07-11/5, 07-40/25, SEFAR Pty. Ltd, Australia) were used for preparing the membrane substrates. 1-methyl-2-pyrrolidinone (NMP, anhydrous, 99.5%) and Polyethylene glycol (PEG, MW 400) from Sigma-Aldrich Pty. Ltd, Australia were used in the casting solution. Chemicals used for interfacial polymerisation included m-phenylenediamine (MPD > 99%), 1,3,5-benzene tricarbonyl trichloride (TMC, 98%) and n-hexane (Sigma-Aldrich Pty.
Ltd, Australia). CTA-FO membranes obtained from HTI (Albany, OR) and the FO and RO membranes from Woongjin Chemicals, Korea were used for comparison and validation purposes.
Fabrication of flat-sheet TFC-PAO membranes
Casting PES membrane substrates by phase inversion
The PES membrane substrates were prepared by casting PES polymer solution on the fabric support layer. As summarised in Table 1, a total of five different membrane samples were   fabricated, and the PES polymer concentration ranged from 12-18%. Two woven polyester fabrics with different opening percentage (5% and 25%) were used where membrane substrates   T1 and T2 were prepared on the support fabric with 25% open area while the rest (T3, T4 and   T5) were prepared on supporting fabric with 5% open area. Two different casting approaches were used for preparing a PES support layer by phase inversion on top of the support layer fabric. The first method is termed here as FO-style casting method in which the polymer solution was casted onto a glass plate and then the woven fabric was pulled onto the polymer solution from the top. This approach of membrane fabrication is somewhat similar to the technique used for fabrication of FO membrane at commercial scale. This method was used for casting T1 membrane sample. All other membrane samples in this study (T2 to T5) were fabricated by adopting RO-style casting method in which the backing fabric was firstly placed on the glass plate and the polymer solution was poured on the top and then casted using a casting knife. The detailed compositions of the casting solutions for all the five membrane samples are summarised in Table 1 . 
Formation of polyamide rejection layer
The polyamide rejection layer of TFC membranes was formed by interfacial polymerisation on the top surface of the PES membrane substrate based on the method widely reported [17, 24] .
MPD solution was 3.4 wt %, reaction time was 2 minutes and 0.15 wt % of TMC was used in n-hexane solution. were dried in a vacuum at room temperature for 24 h before contact angle measurement. DI water droplets (6 µL) were applied onto a levelled membrane surface and profile of the water drops were captured by a camera and the imaging software was used to determine the contact angles. At least 3 measurements were obtained to get the average values of the contact angles.
Membrane porosity (ε) was obtained by measuring the dry mass (W2) and wet mass (W1) of the membrane sample (after subtracting the mass of the supporting mesh) and calculated based on the following equation [25] :
where and are the density of the wetting solvent (Isopropanol ethanol in the current study) and membrane, respectively. Tensile strength was evaluated using an Instron benchtype tensile test machine (LR5K Plus, maximum load limit of 100 N) according to ASTM D882-10 with the crosshead speed adjusted to 5 mm/min. At least five dog-bone-shaped specimens for each fabricated membrane sample were tested, and the average of these was used as the tensile property for each sample.
Measurement of pure water permeability and rejection properties
All the membrane tests including the pure water peremeability (A value), PAO and FO processes were conducted using a FO cell similar to the cell used in our previous work [26] .
For memebrane tests in the RO mode, the channel on the DS side of the membrane cell was filled with six layers of diamond shaped polystyrene spacers to prevent membrane deformation and damage due to applied hydraulic pressure on the feed side. For determining the A value of the membrane, the membrane was tested in RO mode with DI water as feed and at applied pressure of 1-10 bar. A pressure pump was used for the FS side and the applied hydraulic pressure adjusted manually using the pressure valve and a bypass valve. The pure water flux (Jw) was determined by measuring the changes in the volume of the DS tank connected to a digital mass balance data logging system and a PC using the following equation:
where Δp is the applied pressure and Jw is the permeate water flux. The pure water permeability of the embedded substrate was also determined using the same approach.
The NaCl rejection of a membrane was measured using under RO mode at 10 bar using 10 g/L NaCl solution as FS except for membrane samples T5 and WJ-FO where the applied pressures were 5 bar and 2 bar respectively using 1 g/L NaCl because they were not able to withstand higher pressures. Rejection was determined based on conductivity measurement (Ultra Meter IITM 4P, Myron L Company, CA) of the feed and permeate and calculated using the following
where Cf and Cp are the salt concentrations in the feed and the permeate, respectively.
The salt permeability (B) of a membrane was calculated according to the following equation [27] :
where Δp is the applied pressure and R is the salt rejection of the membrane during the rejection test in the RO mode, Δπ is the osmotic pressure difference across the membrane.
Determining the membrane structural parameter
Membrane structural parameter (S) is one of the critical properties of any osmotic membranes and is given by the following relationship that depends on the support layer thickness (t) and tortuosity (τ) and its porosity (ε):
In the experimental tests, the membrane effective structural parameter can be determined using the empirical equation. Based on the classical ICP model developed by Loeb et al. [28] , the water flux in the FO process is represented by the following equation:
where D is the bulk diffusion coefficient of the draw solute, , and , are the bulk osmotic pressures of the FS and DS respectively. Based on equation 6, the membrane support structural parameter is determined using the following equation:
Membrane performaannce tests under PAO process
All PAO experiments were performed under FO mode configurations: active layer facing FS Lower polymer concentrations have been used to fabricate substrate membrane with fingerlike pore structures to improve membrane porosity and thereby enhance solute diffusivity within the support layer of the FO membrane [19, 29, 30] . Although such approach has been reported to much lower the ICP effects, it also proportionately weakens the mechanical strength of the membrane [31] . Increasing the polymer concentration however may result in the loss of both the finger-like pore structure and membrane overall porosity, resulting in enhanced ICP effects and lowered membrane performance in the FO process [22] . Membranes with poor mechanical strength are not suitable for the PAO process since the driving force in the PAO process is a combined osmotic pressure difference and hydraulic pressure. Therefore, the membranes for the PAO process must be able to withstand the compressive and tensile force due to the presence of hydraulic pressure.
All the membrane support layers in this study was prepared using a woven polyester fabric mesh as the backing fabric. Two types of woven mesh backing fabric with similar thickness of 60 µm but of different open area (5% and 25%) were used as shwon in Table 1 . The membrane support layer for T1 and T2 were prepared using backing fabric with 25% open area. The T1 sample was however fabricated by adopting FO-style casting method to solve a polymer penetration problem while the T2 sample was fabricated by the RO-style casting method. The T1 membrane shows a wrinkle free morphology and also appears to be defect free. However, a detail investigation revealed that large pores were formed on the substrate skin layer, making it unsuitable for the formation of thin and uniform rejection layer by interfacial polymerisation.
This issue is more discussed later under the characterisation in Section 3.2. high open area (25%) is used, the highly porous mesh offers low resistance to the penetration of polymer solution to the back of the fabric resulting in the formation of air pockets and uneven substrate surface during phase inversion process [18, 23] . Thus the T2 membrane samples could not be utilised for PAO process performance tests since only a small area of the membrane substrate was wrinkle and defect free. This T2 membrane sample was therefore characterised for other properties using a much smaller FO membrane unit with a membrane area of 3 cm fabric support on the glass to limit the polymer penetration for fabricating CTA-FO membrane [23] . However, adopting this method in this study using different materials as a paste to block the fabric pores was not successful in fabricating TFC-FO due to detachment of PES substrate from the backing fabric during phase inversion stage. As discussed, several strategies have been developed to mitigate the impact of polymer solution penetration through the backing fabric during the casting of membrane substrate. This includes choosing a unique fabrication method in commercial scale membrane fabrication [18] , using a double layer backing fabric [22] , and pasting the backing fabric to the glass plate [23] . In this study, however, the PES support layer for the TFC-FO membrane was developed using a woven fabric mesh with low opening percentage (5% in plane area) and yet with very high water permeability. This approach not only solved the problem of polymer solution penetration during the PES casting by phase inversion but also could improve the membrane mechanical strength to withstand high hydraulic pressure. The backing fabric mesh shows ultrahigh water permeability of 1554 L m -2 h -1 bar -1 even though the pore opening area was only 5% in plane area. This high water permeability is likely due to overlapped fabric knitting with wide side openings at the knit junctions allowing free passage of water through the backing fabric. Figure 2 shows the SEM images of the cross section, top and bottom surfaces of the T1 membrane sample casted through FO-style casting method. This is in fact a unique substrate casting method designed to eliminate wrinkle and defect problems and also to reduce the thickness of the substrate to less than 100 μm. This membrane fabrication approach is used for manufacturing TFC-FO membranes at a large commercial scale level by preventing polymer penetration through the back of the fabric especially when a dilute polymer solution with higher opening mesh fabric is used [18] . However, the SEM images in Figure 2 show that the bottom and top surface of the T1 substrate sample using FO-style casting method under lab condition had a severe impact on the formation of membrane top and bottom surfaces. The bottom surface (supposed to be the skin layer for rejection layer) was formed containing large pores with sizes ranging from 0.5 μm to 1.5 μm, making it unsuitable for the uniform formation of polyamide rejection layer by interfacial polymerisation. respectively, indicate that the membrane substrate formed has denser but perhaps sponge-like support structures compared to finger-like support structure for membrane sample T5 as shown in Figure 5 (b). Several macro-voids formation was observed for substrate sample T4 compared to no clear macro-voids for substrate sample T3. The finger-like structure formed for membrane sample T5 is due to the use of lower polymer concentrations (12% compared to 18%
Characterisation of membrane substrates layer
for samples T3 and T4). These results therefore indicate that complete penetration of the polymer solution is affected by polymer solution concentration (or viscosity), fabric pretreatment using MNP and backing fabric properties such as opening area. Table 2 shows the measured thickness and the effect of applied pressure on the membrane physical properties such as compaction and thickness. T1 and T2 and T5 substrates showed an overall thickness of about 100 µm while T3, T4 substrates had an overall thickness of about 150 µm. After subjecting the membrane samples to the PAO process, the T3 membrane sample was observed to be less compacted than the T4 substrate which may be related to the difference in substrate porosity formed when different concentration of PEG additive as a pore-former was used although this is not clearly visible from the SEM images of Figures 3(b) and 4(b). A higher PEG concentration was used for the T4 sample (20%) as against only 10 % for the T3 sample.
At higher PEG concentration, the porosity of T4 substrate is expected to be higher than T3 as the porosity enhances with the PEG concentration [32] . Based on the porosity values in Table   2 obtained by gravimetric analysis, sample T4 (74%) showed only slightly higher porosity values than T3 sample (72%); however the cross-sectional images of sample T3 and T4 indicates that several macro-voids can be observed for T4 substrate not observed in T3 sample, suggesting that this likely resulted in higher compaction of membrane sample T4 under the hydraulic pressure. * The thickness of the used membrane was measured after the membrane was subjected to an applied pressure of 2-10 bar depending on substrate tensile strength.
The results in Table 2 show that the thickness of the commercial WJ-FO membrane was reduced by more than 50 % even at much lower applied pressure of 2 bar. Similarly the thickness of T5 membrane sample was also decreased by about 30 % due to the presence of finger-like structure in the membrane substrate. The membranes with the finger-like structure are vulnerable to compaction even with the slight pressure created by the cross flows [31, 33] .
Based on the results of membrane compaction with WJ-FO and T5 membrane samples (both of which have finger-like support layer), we hypothesise that although a membrane with low S value is desirable for higher water flux however lower S values also results in poor mechanical strength essential for withstanding the applied hydraulic pressure. Hence polymeric membrane substrates with highly porous finger-like structures may not be suitable for the pressure based osmotic process such as PAO or PRO processes and hence a more stable membrane specific for PAO process is required. A similar TFC-FO membrane SEM from WJ reported elsewhere was used in this study [34] . In addition, the gravimetric analysis in Table 2 shows that both T5
and WJ-FO membrane substrates have higher porosities of 79±3% and 84±3%, respectively, indicating their lower resistance to membrane compaction. Since the membrane substrate with finger-like structure is more susceptible to compaction under applied pressure, a denser substrate is expected to be more suitable to sustain high hydraulic pressure during the PAO process. The CTA membrane did not show any noticeable change in thickness under applied pressure.
The hydrophilicity of the membrane substrates was evaluated by measuring the contact angle.
As presented in Table 2 , the contact angle of T3 and T4 membrane substrate samples was ∼56° which is significantly lower than the CTA (∼76•) and the WJ-FO (∼65•) membrane, indicating that the membrane substrates fabricated in this study were more hydrophilic than the commercial FO membrane. The relatively low contact angles for the T3 and T4 could be attributed to the hydrophilic nature of PES and the addition of PEG in the membrane casting solutions [16, 17] . Recent studies have shown that, hydrophilicity property of the membrane support layer has a significant influence on the performance of the FO process especially by reducing the ICP effects in the FO process [26, 35] . Table 2 also displays the mechanical properties of the membrane substrate samples. The mechanical property of the membrane samples fabricated in this study is better compared to the both commercial FO and even RO membranes in terms of tensile strengths, Young's modulus and the elongation at break except for CTA membrane where its elongation at break was the highest amongst all the tested membrane samples. These results indicate that the membrane samples T3 and T4 are expected to be much more robust than the commercial RO and FO membranes.
Membrane rejection layer
Relating substrate morphology to the formation of thin polyamide rejection layer
The top skin layer and surface pore size of the membrane substrate play a major role in the formation of polyamide rejection layer [19, 36, 37] . Similar to commercial FO membrane fabrication presented [18] , the skin layer was in contact with glass plate which leads to large pore size on the membrane bottom surface where the rejection layer is supposed to form. The SEM images of the T1 top and bottom surface together have been shown in Figure 2 in the previous section.
Generally, polyamide layer forms as a result of MPD solution eruption from the membrane pores and reacts with TMC those results in the formation of a thin skin PA rejection layer.
However, in the membrane surface with a large pore size, such as the T1 sample, TMC can penetrate the pores and result in PA formation inside the pores and formation of PA layer with uneven thickness increasing the chance of some uncoated area and defect points on the membrane rejection layer [29] . Top skin layers with optimum pore size are critical for optimum rejection layer formation, otherwise membrane rejection will be compromised [38] . It was not possible to fabricate a PA layer on the T1 embedded polyester mesh membrane either on the top or bottom surface of the substrate due to defect point caused by the FO-style casting method and large pore size (~1µm), respectively ( Figure 2 ). Studies suggest that there is a relationship between morphology and rejection surface properties of the PA layer to the top skin pore size [39] . Findings show that surfaces with a smaller pore size will form defect free and a smoother rejection layer compared to surfaces with a larger pore size [40] .
The polymer concentration was low for the T5 sample compared to the other substrates (Table   1) , however, the top skin layer with a porous sub layer is evidence of liquid-liquid phase separation occurred as it was expected for low polymer concentrations during the phase inversion stage ( Figure 5 (c) ) [39] . The polymer concentration rate at the membrane top surface became more concentrated as a result of air exposure during the casting. Thus, as it is evident from the image, big pores in the membrane porous sub layer could not extend to the membrane surface.
Gelation usually takes place at high polymer concentrations during phase inversion stage [39] .
Thus gelation pathway is expected for membrane samples of T1-T2 and T3-T4 fabricated with higher polymer concentration ( Table 1) . As evident form the SEM images ( Figures 3 and 4) , substrates with higher polymer concentrations (18 %) are less porous and free of finger-like structures. However, gelation may not occur for the membrane bottom layer. In the T1 sample (casted via the FO-style casting method), the liquid-liquid phase inversion occurs for the bottom surface which is the last part of the casted membrane to solidify in the precipitation bath. Here, the precipitation pathway intersects the binodal before crossing into the gelation region, causing a lower polymer concentration and an open skin layer with larger pores in the bottom surface (Figure 2 ) [19, 41] . This may help to explain the failure of interfacial polymerisation attempt when duplicating the FO membrane fabrication on a commercial scale in T1 membrane sample under lab condition.
Characterisation of membrane rejection layers
The intrinsic membrane properties such as water permeability coefficient (A), NaCl rejection (R) and NaCl salt permeability coefficient (B), selectivity (B/A) of the TFC membranes samples T3, T4 and T5 are presented and compared with commercial CTA-ES, WJ-FO and RO membranes in Table 3 . The T1 and T2 membranes were ignored because their substrate samples failed to form a defect-free rejection layer by interfacial polymerisation.
Based on the results in Table 3, all the three TFC-FO membrane samples (T3, T4, and T5) exhibited much higher water permeability and better NaCl rejection than the commercial CTA-FO membrane. The water permeability coefficient of T4 and T5 membranes samples were even higher than the WJ TFC-FO membrane. Since the water permeability coefficient is directly related to the rejection layer, it appears that the polyamide layer formation must have been favourable with smooth and probably with uniform average thickness for T4 and T5 membrane substrate samples compared to T3. At an applied pressure of 10 bar in the RO testing mode, T3
and T4 membrane samples had a decent NaCl rejection of around 96% and 94%, respectively, which were much higher than the WJ TFC-FO membrane. Solute rejection is expected to be even better at a higher applied hydraulic pressure [42] . Although T4 membrane sample showed higher water permeability than T3 sample, however, it also possessed greater salt permeability coefficient, thereby reducing the solute rejection rate. Table 3 also presents the B/A ratio of the membrane samples which is a direct indicator of the selectivity of an FO membrane. Generally, a lower B/A ratio is preferred as larger B/A ratio indicates lower selectivity and is likely to increase reverse diffusion of draw solutes towards the feed solution thereby impacting the process performances [42, 43] . In the current study, both T3 and T4 had relatively low B/A ratios of 9 and 14 kPa respectively compared to 61 for the CTA membrane and 32 for the WJ-FO membrane. This indicates that their superior separation properties alongside high water permeability were achieved by the newly developed membranes. The results in Table 3 for T3 and T4 PAO membrane samples show that TFC polyamide based membranes can be promising alternatives to the existing CTA-based FO membranes for the PAO process. a Evaluated in the RO testing mode over an applied pressure range of 1-10 bar with DI water as feed water. b Evaluated in the RO testing mode over an applied pressure range of 10 bar for a feed water containing 10 g/l NaCl except for T5 and WJ-FO membranes where the applied pressure was c 5 and d 2 bars, respectively using 1 g/L NaCl.
For any osmotic process, the membrane structural parameter (S) is an important parameter that measures the resistivity of the membrane support layer to the diffusion of the draw solute. The low value of the structural parameter is desirable for any osmotic membranes in order to minimize the detrimental effects of ICP during the process operations. The results presented in Table 3 shows that, all the three TFC-FO membrane samples have S values of 2.72 mm (T3), T4 (2.21 mm) and T5 (0.72 mm) which are higher than the CTA-FO (0.85 mm) and WJ TFC-FO (0.55 mm) membranes although it is significantly lower than TFC-RO membranes (16.5 mm). This is expected because the T3 and T4 membrane substrates have lower porosity but higher membrane thickness than the WJ-TFC-FO membrane. Besides, the pore structure of T3
and T4 membrane substrates did not exhibit finger-like structure which could increase the tortuosity of the support layer thereby contributing to higher S values. WJ-RO had the highest S value and this is the main reason for the RO membranes in general for their poor performance in the FO process despite their relatively high water permeability.
FO water flux is presented in Table 3 . T5 and WJ-FO have the highest FO water flux due to presence of finger-like structures in the substrate and lower structural parameters compared to T3 and T4 membrane sample. The poor FO performance of the T4 and T5 was due to their denser and thicker substrate, higher S value and the compacted backing fabric support. SRSF was also relatively low for T4 and T5 membrane samples despite a decent salt rejection (RO mode) as presented in Table 3 .
In the FO process, FO membrane with a higher A value (water permeability) and lower S value (structural parameter) is favourable for obtaining higher water flux however, for the PAO process, the membrane needs a stable, dense and porous membrane with high water permeability. It seems that unlike the FO, membranes with a higher S value may be necessary for the PAO due to the need to withstand required applied hydraulic pressure during the process although. However, an opportunity likely exists to further improve the water flux through the pre-treatment and post-treatment of teh PA layer as conducted on the TFC PRO membrane with macrovoid free support layer [13, 44] .
Performance of membranes under the PAO process
The water fluxes of the five TFC membranes under the PAO process at different applied pressure (0 -10 bar) are presented in Figure 6 using 0.5 M NaCl as DS and DI as FS ( Figure   6 Lm -2 h -1 bar -1 which is greater than T3 and CTA-FO membranes. However, the results in Figure   7 indicate that the T3 and T4 have better performance under the PAO process in terms of effective flux gain (specific water flux) compared to CTA membrane. The higher performances under the PAO process for T3 and T4 membranes can be attributed to membrane properties such as higher hydrophilicity, porosity, higher water permeability coefficient and better rejection property despite having higher S values compared to CTA membrane. through a previous study on the PAO process which is in contrast to the conventional FO process [9, 12] . The reverse solute flux is basically a function of the effective concentration differences at the membrane surface and the membrane salt rejection properties. Assuming that the RSF is not significantly affected by the pressure, increasing the applied pressure enhances the water flux thereby lowering the SRSF. It is also likely that, the RSF (Js) itself must be lowered in the PAO process compared to the FO process due to increase in the convective water flux opposite to the draw solute movement [26] . However, it is difficult to determine the RSF value in the PAO process because of the uncertainty in determining the fraction of PAO water flux that is contributed entirely due to the osmotic pressure difference because of the likely change in the ECP and ICP concentration profile when pressure is applied.
The SRSF for NaCl as DS and DI as FS for the PAO experiments at pressures ranging from 0 to 10 bar is presented in Figure 8 
Conclusions
In this study, polyamide-based TFC membrane with PES substrate was fabricated for the PAO process using two woven polyester meshes of different opening areas as backing fabric and their performances were compared with commercial CTA and TFC WJ-FO membranes. The membrane substrates reinforced by woven mesh fabric were free of wrinkle formation and finger-like structure. The formed TFC membranes possess properties which are suitable for the PAO process. The following conclusions have been drawn from this study:
 Although membranes with high substrate porosity and finger-like pore structures perform well in the FO process, however they were found less suitable for the PAO process due to compaction and poor mechanical strength when subjected to applied pressure.
 The TFC membranes prepared from the substrates with higher PES polymer concentrations and lower opening backing fabric generally have a sponge-like support structure and high structural parameter (S value), they performed much better under the PAO process because of their high pure water permeability coefficient (A) and strength.
 Unlike the FO process where membranes with low structural parameter is appropriate however, for PAO process membrane with higher structure parameter is essential to  The PAO process requires a membrane that can endure applied hydraulic pressure and therefore membranes with denser and yet porous and permeable substrate and perhaps free of finger-like structures reinforced by backing fabric is essential.
